At the plant or stand level, leaf orientation is often highly anisotropic and heterogeneous, yet most analyses neglect such complexity. In many cases, this is due to the di culty in measuring the spatial variation of the leaf angle distribution function. There is a critical need for a technique that can rapidly measure the leaf angle distribution function at any point in space and time.
Introduction
It is often necessary to account for the variability in leaf orientation in mete- searched for hits ( Fig. 1a and Table 1) . If the (i + 1, j) and (i + 1, j + 1) points 120 were both also hits, the (i, j), (i + 1, j), and (i + 1, j + 1) points were connected 121 to form a triangle. The (i + 1, j + 1) and (i, j + 1) points were also searched, 122 and if they were all hits, the (i, j), (i + 1, j + 1), and (i, j + 1) points were overall we have found that using these slightly more complicated triangulation 129 methods had a minimal impact on results.
130
Once triangles have been formed, their normal vectors are simply given by 131 Table 1 : Example table structure needed to perform the triangulation algorithm from LiDAR scan data depicted visually in Fig. 1 . Mapping of hit indices in spherical grid space for all scan points. Numerical values correspond to point # (row) in Table 2 . Fig. 1 . Storage of the (x, y, z) position of each hit location (misses are not stored).
point # x y z 1 x 1 y 1 z 1 2 x 2 y 2 z 2 3 x 3 y 3 z 3 4
x 4 y 4 z 4 5
x 5 y 5 z 5 6 x 6 y 6 z 6 7 x 7 y 7 z 7 8
x 8 y 8 z 8 
where n = (n x , n y , n z ) is the normal vector, and a and b are two vectors 133 defining the sides of the triangle which are found by looking up the (x, y, z)
134
coordinates at each vertex ( Table 2 ). The sign convention of the a and b vectors 135 should be defined such that the calculated normal vectors are consistent (e.g.,
136
as in Fig. 2 ).
137
If desired, the triangle's inclination and azimuthal angles can also be easily 138 calculated from the normal vector as
and
In this work, we define ' L to range from 0 to 360 such that it is consistent 141 with the compass direction (0 is North, 90 is East, etc.).
142
The LiDAR cannot directly determine if a hit point corresponds to the bot- 
where`1,`2, and`3 are the lengths of the sides of the triangle, and s = 217 0.5 (`1 +`2 +`3).
218
The discrete leaf angle probability density function g L is then constructed 219 by summing the total area of triangles within each discrete angle class, and nor-220 malizing such that g L integrates to unity. Regardless of the applied weighting, 221 the method will still not account for the portion of leaves that are perfectly 222 parallel to the laser direction, as these portions will have no hit points.
223
In cases where there is a wide range of scan zenith angles for a given volume,
224
an additional weighting may be needed to account for varying scan point density. realization, 20 independent realizations were generated for each disk density. and azimuthal angle were performed on 50 randomly chosen leaves using a 300 digital inclinometer and compass. The normal vector was taken to begin on the 301 adaxial surface and emanate away from the leaf. Since all leaves had some degree 302 of curvature, an 'average' leaf normal direction was estimated and measured.
303
Four individual LiDAR scans of the tree were performed at each of the cardinal 304 directions (which faced each zone), and co-registered together using the built-in
305
GPS and inclinometer and refined by aligning common objects in the scene.
306
The scanner was placed at roughly 2 meters from the nearest vegetation, and the tree. The leaf orientation PDF was assumed to be homogeneous in the 325 row-parallel direction, and all measurements at a given height were aggregated 326 together. Two LiDAR scans were performed that were separated by 5 m in the 327 row-parallel direction, which were co-registered using common objects in the 328 scene. The scanner was placed in the middle of the row, which meant that it 329 was roughly 1 m from the nearest vegetation.
330
In the validation experiments, vegetation was first scanned with the LiDAR 331 at three di↵erent densities: N ⇥ ⇥N = 1708⇥4064, 2135⇥5080, and 3415⇥8120.
332
For later reference, the resolutions of these scans will be respectively referred 333 to as 'low', 'mid', and 'high'. The distance between adjacent scan points on parallel with the scan direction that will be undesirably eliminated.
348
The scan rate was set to 122K points/second, which, considering the scan given the same set of instructions. They were told to imagine an 'average' plane 373 passing through the leaf, whose normal vector they were to measure. They were 374 instructed to resolve any ambiguity using their best judgement.
375
The inter comparison of measurements shows a considerable amount of vari-376 ance in some cases (Fig. 3) . The standard deviation between raters for all leaves 377 was 7.3 and 14.7 for leaf inclination and azimuth, respectively. If these val- deviations are found to be about 8% and 4% for leaf elevation and azimuth, 380 respectively.
381
Certain leaves had inclinations that appeared to be less ambiguous to in-382 dividual raters than others, and had a standard deviation of only a couple of 383 degrees (e.g., leaves 6, 9, 19). in Fig. 4 for 2 leaves (Fig. 4b,c ) and 27 leaves (Fig. 4d,e ). In the 2 leaves case,
413
disk directions were not randomly chosen, but rather were chosen such that one 414 disk had most of its area projected normal to the scanner ((✓, ') = (80 , 0)),
415
while the other disk had little area projected normal to the scanner ((✓, ') =
416
(10 , 170)).
417
Results are compared for cases when equal weights are incorrectly applied 418 to all triangles, and when the PDF is correctly area weighted. As expected, the 419 equally weighted PDF biases toward triangles that are closer to being orthog-420 onal to the ray direction. We incorrectly observe that it is almost three times The e↵ects of obstructed disks was tested by varying the density of disks 427 within the volume (Fig. 5) shown in Fig. 6a , and the corresponding surface triangulation is shown in Fig. 6b .
444
The visualizations revealed that leaves located in the outer-lower portion of the 445 tree tended to be oriented closer to vertical (Fig. 7a) . Qualitatively, leaves in the (Fig. 8a) . Leaf azimuthal angles tended toward the 453 outward-facing direction of the tree crown (Fig. 8b) . Moving upward along the 454 tree, the leaf inclination PDF becomes skewed toward the horizontal orientation 455 (planophile). Furthermore, the PDF of leaf azimuth becomes closer to uniform.
456
In the upper crown, leaves in the East-and West-facing zones tended to have 457 azimuthal distributions that skewed toward the South. for the synthetic scan cases. The normalized error is defined as the root-mean-squared error between the exact PDF and the PDF formed by the triangulation methodology, which is normalized by the probability density for a uniform distribution (i.e., 1/90 for ✓ L and 1/360 for ' L ). given that dense leaves attenuate light from above.
468
Overall, good agreement was found between LiDAR and manual measure- However the peaks in the manually measured PDFs are much more pronounced.
514
This can also be explained by the curvature of the leaves. Although the average 
E↵ect of scan resolution

520
The e↵ect of the scan resolution was examined by comparing the low, mid, 
537
A probability density function (PDF) of leaf orientation can then be com- highest possible density and systematically discard points from the scan such that this requirement is met. 
